
THEORETICAL BACKGROUND AND LITERATURE REVIEW
C H A PTER  II

2.1 Crude Oil and Asphaltenes

Crude oil or petroleum is a mixture of hydrocarbons containing several 
components with different physical and chemical properties [Speight, J. G., 2007]. 
Crude oil is composed of low molecular weight hydrocarbons to high molecular 
weight hydrocarbons and is often divided into four majors: saturates, aromatics, 
resins, and asphaltenes (SARA).

Asphaltenes are defined as the components of crude oil that soluble in 
aromatics such as toluene but insoluble in normal alkanes such as n-heptane 
[Hammami et al., 2007]. They consist of polycyclic aromatic hydrocarbon, a 
distribution of heteroatoms (N, ร, O) and metals (V, Ni, Fe) [Hammami et al, 2007],

2.2 Asphaltene Precipitation

In crude oil production, asphaltenes can be destabilized by changes in 
temperature, pressure or composition [Gonzalez et al., 2005; Kraiwattanawong, K.
2007], The destabilized asphaltene increase production costs and reduce well 
productivity by blocking the pore throats and plugging pipeline [Nabzar, 2008: 
Maqbool et al., 2009].

To study asphaltene precipitation in a laboratory, normally n-pentane or ท- 
heptane is added to crude oil at a volume ratio of 40:1 [ASTM D2007]. Figure 2.2.1 
shows that the lower carbon number of precipitant used, the higher amount 
precipitated asphaltenes are observed. However, lower carbon number précipitants 
have a higher propensity to evaporate, which adds experimental difficulty. In order to 
perform experiments accurately, heptane is usually used.
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Figure 2.2.1 The amount of precipitated asphaltenes as a function of precipitant 
I Mitchell, 1972],

Maqbool et al. revealed that the time to detect unstable asphaltenes at low 
precipitation concentrations using optical microscopy (0.5 ;Um detection size) can be 
weeks, months, or years. Even when the instability of asphaltene at high 
precipitations can be immediately detected, the final value of asphaltene solubility 
can take weeks to measure. This means that asphaltene precipitation does not only 
depend on precipitant and precipitant concentration but there is also a kinetic playing 
an important role as shown in Figure 2.2.2 and 2.2.3.

Figure 2.2.2 shows images from the optical microscopic and Figure 2.2.3 
demonstrates the amount of precipitated asphaltene as a function of time using a 
centrifugation technique to separate the precipitated asphaltene from the crude oil- 
precipitant mixture. It can be observed that the amount of precipitated asphaltene 
increases as a function of time.
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Figure 2.2.2 Micrographs showing asphaltene precipitation for a crude-heptane 
mixture containing 50 vol. % heptane and 50 vol. % K-l crude oil as a function of 
time [Maqbool et al, 2009].

Figure 2.2.3 The amount of precipitated asphaltene as a function of time at 50 vol. % 
heptane for K-l crude oil [Maqbool et a l, 2009].

Srikiratiwong, 2010’s work reveals that the yield of precipitated asphaltenes 
at high precipitant concentrations decreases with higher carbon number of precipitant 
while the yield of precipitated asphaltenes at low precipitant concentrations either 
increased or remained constant with higher carbon number of precipitant, as shown 
in Figure 2.2.4.



6

Precip itan t Carbon Number

A 90 vol%
♦  70 vol%
A  50 vol%

□  39 vol% 

o 31 voiy»
<8 25-28 Vôl9é

Figure 2.2.4 Yield of precipitated asphaltene at various précipitants and precipitant 
concentrations as a function of carbon number of precipitant.

Due to the slow detection time, the correlation between detection time, 
tdetection, and the difference between solubility parameter of asphaltene and solution 
squared, (ôasphaitene-ôsolution)2, at 2 0 °c was established from previous work using 
heptane as a precipitant which is shown in Figure 2.2.5 [Haji Akibari Balou, N.,
2013], This correlation assumes that asphaltene solubility parameter for the same 
crude oil is constant and the maximum potential barrier, Umax, which depends on the 
overall interaction energy between asphaltenes, is assumed to be inversely 
proportional to the difference between solubility parameter of asphaltene and 
solution squared. By applying this correlation, detection time at 20°c can be 
estimated leading to the decrease in number of the experiments for detecting the 
instable asphaltenes at low heptane concentrations. However, asphaltene solubility 
parameter has to be known.
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Figure 2.2.5 M a s te r  c u rv e  fo r  r e la t io n  b e tw e e n  d e te c t io n  t im e  a n d  th e  d i f f e r e n c e  
b e tw e e n  s o lu b i l i ty  p a r a m e te r  o f  a s p h a l te n e  a n d  s o lu t io n  s q u a re d  a t  2 0 °c.

A n  o n s e t  t im e , th e  t im e  to  d e te c t  u n s ta b le  a s p h a l te n e s  u s in g  o p t ic a l  
m ic r o s c o p y  (0 .5  /rm  d e te c t io n  s iz e ) , a t  o n e  h e p ta n e  c o n c e n t r a t io n  h a s  to  b e  
p e r f o rm e d  to  o b ta in  th e  d e te c t io n  t im e  a t  2 0 °c. In  a d d i t io n , th e  r e f r a c to m e te r  is  u s e d  
to  m e a s u re  th e  r e f r a c t iv e  in d e x , R I, o f  c r u d e  o il a n d  h e p ta n e  a n d  a  l in e a r  r e la t io n s h ip  
b e tw e e n  th e  R I a n d  s o lu b i l i ty  p a r a m e te r  fo r  p a ra f f in ic  a n d  a r o m a tic  h y d r o c a r b o n s  is  
u s e d  to  d e te rm in e  s o lu b i l i ty  p a r a m e te r s  o f  c ru d e  o il a n d  h e p ta n e  a s  s h o w n  in  
e q u a t io n  2 .2 .1  [W a n g , J . X ., a n d  B u c k le y , J . ร ., 2 0 0 1 ],

Ô = 52.042Fr/ +  2 .9 0 4  ( 2 .2 .1 )

w h e re  5  is  s o lu b i l i ty  p a r a m e te r  a n d  ; ; ท is th e  r e f r a c t iv e  in d e x .

T h e  s o lu b i l i ty  p a r a m e te r  o f  a  m ix tu re  c a n  b e  e s t im a te d  b y  v o lu m e t r ic  
a v e ra g e  o f  s o lu b i l i ty  p a r a m e te r s  o f  its  c o m p o n e n ts  [H a ji  A k ib a r i  B a lo u , N . ,  2 0 1 3 ] .  
B y  k n o w in g  d e te c t io n  t im e  a n d  s o lu t io n  s o lu b il i ty  p a r a m e te r ,  a s p h a l te n e  s o lu b i l i ty  
p a r a m e te r  c a n  b e  o b ta in e d  a n d  d e te c t io n  t im e  a t o th e r  h e p ta n e  c o n c e n t r a t io n  is  th e n  
d e te rm in e d .
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2.3 Population Balance Model

T h e  a g g r e g a t io n  o f  a s p h a l te n e  n a n o a g g r e g a te s  in  c ru d e  o i l - p r e c ip i ta n t  
s y s te m s  h a s  b e e n  p r e v io u s ly  m o d e le d  u s in g  a  g e o m e tr ic  p o p u la t io n  b a la n c e  m o d e l ,  
a s  s h o w n  b e lo w  [M a q b o o l  e t a l., 2 0 1 1 ] .

w h e re  c k is  th e  m o la r  c o n c e n t r a t io n  o f  th e  M  a g g re g a te  (k m o l m '3), Ki j  is  th e  

c o l l is io n  k e rn e l b e tw e e n  a g g re g a te  s iz e s  i a n d  j  (m 3 k m o l '1 ร '1), d i ,d j  a re  th e  

d ia m e te r s  (m )  o f  c o l l id in g  a g g re g a te s  i a n d  j ,  pLm is  th e  v is c o s i ty  o f  th e  m e d iu m  (k g  
m *1 ร '1), R  is  th e  u n iv e rs a l  g a s  c o n s ta n t  (J  K '1 k m o l '1), T  is  th e  a b s o lu te  te m p e r a tu r e  
(K ) , /? is  c o l l is io n  e f f ic ie n c y . F o l lo w in g  a  g e o m e tr ic  s c a l in g  f a c to r  o f  tw o , th e  
n u m b e r  o f  n a n o a g g r e g a te s  in  th e  M l  p a r t ic le s  s iz e  is  tw ic e  th e  n u m b e r  in  th e  k - 1 
a g g re g a te .  F ig u re  2 .3 .1  s h o w s  th a t  th e  m o d e l  is in  a  g o o d  a g r e e m e n t  w i th  th e  
e x p e r im e n ta l  d a ta . T h e  e x p e r im e n ta l  d a ta  o b ta in e d  f ro m  c e n t r i fu g a t io n  te c h n iq u e .

i = k - 1

2 R T ( d i +  d , f  
iJ  3 d id j

(2 .3 .2 )
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Figure 2.3.1 E x p e r im e n ta l  a n d  s im u la te d  e v o lu t io n  o f  th e  s e p a r a te d  a g g r e g a te s  u s in g  
fo r  5 0  v o l. %  h e p ta n e  [M a q b o o l e t a i ,  2 0 1 1 ] .



9

T h e  d e f in i t io n  o f  c o l l is io n  e f f ic ie n c y  is  th e  n u m b e r  o f  s u c c e s s f u l  a d h e s io n s  
d iv id e d  b y  to ta l  n u m b e r  o f  c o l l is io n s  a s  s h o w n  in  th e  e q u a t io n  b e lo w .

N u m b e r  o f  s u c c e s s f u l  a d h e s io n s  
^  T o ta l  n u m b e r  o f  c o l l i s io n s  ( 2 .3 .3 )

U s in g  p o p u la t io n  b a la n c e  m o d e l  to  e s t im a te  th e  p a r t i c le - p a r t ic le  c o l l i s io n  
e f f ic ie n c y , p , o f  a s p h a l te n e ,  it s h o w s  th a t  th e  c o l l is io n  e f f ic ie n c y  d e p e n d s  
s ig n if ic a n t ly  o n  th e  p r e c ip i ta n t  c o n c e n t r a t io n  [M a q b o o l e t a l., 2 0 1 1 ]  a s  s h o w n  in  
F ig u re  2 .3 .2  w h ic h  d e m o n s tr a te s  th a t  th e  c o l l is io n  e f f ic ie n c y  o f  K 1 c ru d e  o i l  
in c re a s e s  w i th  in c re a s in g  h e p ta n e  c o n c e n t r a t io n .  O n e  o f  th e  e x p la n a t io n s  fo r  th e  
in c re a s e  in  th e  c o l l is io n  e f f ic ie n c y  a t  h ig h e r  h e p ta n e  c o n c e n t r a t io n s  is  th a t  th e  
s o lu t io n  b e c o m e s  a  w e a k e r  s o lv e n t  f o r  a s p h a l te n e s  le a d in g  to  d e s ta b i l iz e d  
a s p h a lte n e s  te n d  to  c o l l id e  a n d  a g g r e g a te  w i th  e a c h  o th e r  a t  h ig h e r  h e p ta n e  
c o n c e n t r a t io n s .  T h is  le a d s  to  th e  s lo w  d e te c t io n  t im e  fo r  in s ta b le  a s p h a l te n e s  a t  lo w  
p r e c ip i ta n t  c o n c e n t r a t io n s .

Vol% heptane
Figure 2.3.2 T h e  c o l l is io n  e f f ic ie n c y  o f  K 1 c ru d e  o il a s  a  f u n c t io n  o f  h e p ta n e  
c o n c e n t r a t io n  f ro m  p r e v io u s  w o rk  [M a q b o o l e t a l . , 2 0 1 1 ] .
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2.4 Asphaltene Deposition

A  c a p i l la ry  d e p o s i t io n  a p p a ra tu s  is  u s e d  to  in v e s t ig a te  th e  s ta b i l i ty  o f  
a s p h a l te n e s  in  o i l - p r e c ip i ta n t  m ix tu r e s  b e c a u s e  it c a n  d e te c t  d e s ta b i l iz e d  a s p h a l te n e s  
fa s te r  th a n  a  b a tc h  a g g re g a t io n  p r o c e s s  [H o e p fn e r  e t a l ,  2 0 1 3 ] .  T h e  p r in c ip le  o f  
c a p i l la ry  d e p o s i t io n  a p p a ra tu s  is  to  f lo w  f lu id  w i th  d e s ire d  f lo w  ra te  a n d  to  m e a s u r e  
th e  p r e s s u r e  d ro p  b e tw e e n  th e  in le t  a n d  o u t le t  o f  a  c a p i l la ry  [B ro s e ta ,  2 0 0 0 ] ,  T h is  
p re s s u re  d ro p  a c r o s s  th e  c a p i l la ry  c a n  b e  c a lc u la te d  w i th  th e  H a g e n - P o is e u i l l e  
e q u a tio n :

A  p  ะะะ
8 r Q  L  

ท  R 4
( 2 .4 .1 )

w h e re  R  is  r a d iu s ,  L  is  le n g th , [X is  v is c o s i ty  a n d  Q is  v o lu m e tr ic  f lo w  ra te .
F ro m  f f o e p f e n e r  et a l . ' ร w o rk  in  2 0 1 3 , a  c a p i l la ry  d e p o s i t io n  a p p a ra tu s ,  a s  

s h o w n  in  F ig u re  2 .4 .1 ,  w a s  u s e d  to  s tu d y  a s p h a l te n e  d e p o s i t io n  a t  lo w  d e g re e s  o f  
d e s ta b i l iz a t io n . U s in g  th is  a p p a ra tu s ,  c ru d e  o i l  a n d  h e p ta n e  w e r e  p u m p e d  to  th e  
m ix in g  s e c t io n  th a t  h a d  p o ro u s  f r i ts  to  m a k e  th e m  w e l l-m ix e d . A  C F D  s im u la t io n  
w a s  a ls o  u s e d  to  o b s e r v e  th a t  c ru d e  o il a n d  h e p ta n e  m ix  in  th e  m ix in g  s e c t io n  a n d  a s  
s h o w n  in  F ig u re  2 .4 .2 ,  th e y  a re  w e l l - m ix e d .  A d d i t io n a l ly ,  th e  h e p ta n e  c o n c e n t r a t io n  
w a s  c o n tr o l le d  b y  c h a n g in g  th e  f lo w  ra te s  o f  o i l  a n d  h e p ta n e . A f te r  m ix in g  s e c t io n ,  
th e  m ix tu r e  w a s  fe d  in to  a  c a p i l la ry  a n d  th e n  in to  a  c o l le c te d  c o n ta in e r .

A s  m e n t io n e d  e a r lie r , a d d in g  h e p ta n e  le a d s  to  th e  d e s ta b i l iz a t io n  o f  
a s p h a l te n e s  a n d  th e  d e s ta b i l iz e d  a s p h a l te n e s  te n d  to  p re c ip i ta te  a n d  d e p o s i t  in s id e  a  
c a p i l la ry  in c re a s in g  th e  p r e s s u r e  d r o p  in  it. T h e  m o r e  a s p h a l te n e s  th a t  d e p o s i t  in s id e  
th e  c a p i l la ry , th e  h ig h e r  th e  p r e s s u r e  d ro p  b e tw e e n  th e  in le t  a n d  o u t le t  o f  a  c a p i l la ry  
c a n  b e  d e te c te d . In  a d d i t io n ,  th e  p r e s s u r e  d ro p  is  r e c o rd e d  o v e r  t im e  to  c r e a te  a  
p r e s s u r e  d ro p  p ro f ile .
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Figure 2.4.1 T h e  c a p i l la ry  d e p o s i t io n  a p p a r a tu s  s e t  u p  [ H o e p fn e r  e t a l . , 2 0 1 3 ] ,
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Figure 2.4.2 T h e  C F D  s im u la t io n s  o f  th e  m ix in g  s e c t io n  in d ic a te d  th a t  c r u d e  o il a n d  
h e p ta n e  a re  c o m p le te ly  m ix e d  b e f o r e  th e y  r e a c h  th e  o u t le t  [ H o e p fn e r ,  2 0 1 1 ] ,

F ig u re  2 .4 ,3  s h o w s  th e  p r e s s u r e  p r o f i le  w i th  v a r y in g  h e p ta n e  c o n c e n t r a t io n s  
f ro m  a  c a p i l la ry  f lo w . It c a n  b e  o b s e r v e d  th a t  th e  p r e s s u r e  d r o p  in  e a c h  c o n c e n t r a t io n  
in c r e a s e d  o v e r  t im e  in d ic a t in g  th a t  a  d e p o s i t  w a s  fo rm e d . M o re o v e r ,  it c a n  b e  s e e n  
th a t  d i f f e r e n t  h e p ta n e  c o n c e n t r a t io n s  h a d  d i f f e r e n t  p r o f i le s  a n d  r e d u c in g  th e  h e p ta n e  
c o n c e n t r a t io n  r e s u l te d  in  a  d e c r e a s e  in  th e  r a te  o f  p r e s s u r e  d r o p  in c re a s e . In  a d d i t io n , 
th e  in d u c t io n  t im e  d e c r e a s e s  w ith  h ig h e r  h e p ta n e  c o n c e n t r a t io n .  F o r  e x a m p le ,  a t  4 0  
v o l. %  h e p ta n e ,  th e  a s p h a l te n e  d e p o s i t io n  w a s  f o r m e d  in  a b o u t  1 h o u r  w h i le  a t  3 0  
v o l. %  h e p ta n e ,  th e  a s p h a l te n e s  d e p o s i te d  in  a p p ro x im a te ly  2 h o u rs . T h e  r e s u l t s  a ls o
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d e m o n s tr a te s  th a t  a  c a p i l la r y  d e p o s i t io n  a p p a ra tu s  c a n  d e te c t  th e  a s p h a l te n e  
d e p o s i t io n  e v e n  a t  2 0  v o l. %  h e p ta n e  a f te r  a b o u t  12 h o u r s  a n d  a t  2 5  v o l. %  h e p ta n e  i t  
c a n  d e te c t  a f te r  a b o u t  3 h o u rs .

H o w e v e r ,  d e s ta b i l iz e d  a s p h a l te n e  a t  2 5  v o l. %  h e p ta n e  c a n  b e  d e te c te d  a f te r  
a b o u t  3 0  d a y s  u s in g  m ic r o s c o p ic  te c h n iq u e ,  w h ic h  is  s ig n if ic a n t ly  lo n g e r  t im e  th a n  
th e  d e te c t io n  t im e  w ith  c a p i l la ry  d e p o s i t io n .

F ig u r e  2 .4 .3  T h e  p r e s s u r e  d ro p  p r o f i le  w i th  v a r y in g  h e p ta n e  c o n c e n t r a t io n s  
[ H o e p fn e r  e t a l ,  2 0 1 3 ] ,

B y  n o rm a l iz in g  th e  p r e s s u r e  d ro p  p ro f i le  u s in g  v i s c o s i ty  a n d  th e  
c o n c e n t r a t io n  o f  in s o lu b le  a s p h a l te n e s  in  th e  c a p i l la ry  a n d  s h i f t in g  th e  in d u c t t io n  
t im e , td, a s  s h o w n  in  F ig u re  2 .4 .4 ,  it  r e v e a ls  th a t th e  b e h a v io r  o f  a s p h a l te n e  
d e p o s i t io n  is  id e n t ic a l  a t d i f f e r e n t  p r e c ip i ta n t  c o n c e n t ra t io n s .  H o w e v e r ,  th e  4 0  a n d  
5 0  v o l. %  h e p ta n e  e x p e r im e n ts  d e v ia te  f ro m  th e  n o rm a l iz e d  p r e s s u r e  d r o p  a s  p r e s s u r e  
d ro p  in c re a s e s  s ig n if ic a n t ly  a n d  th e  d e v ia t io n  a t 5 0  v o l. %  h e p ta n e  o c c u r r e d  f a s te r  
th a n  th a t  a t 4 0  v o l. %  h e p ta n e . T h e  r e a s o n  is  th a t  h ig h e r  h e p ta n e  c o n c e n t r a t io n s  m a y  
h a v e  a  h ig h e r  p r o p e n s i ty  to  d e p o s i t .
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F i g u r e  2 .4 .4  N o r m a l iz e d  d e p o s i t io n  p r e s s u r e  d r o p  fo r  h e p ta n e  in  O il A , s c a le d  b y  
v i s c o s i ty  a n d  th e  c o n c e n t r a t io n  o f  in s o lu b le  a s p h a l te n e s  in  th e  c a p i l la ry  a n d  t im e  is  
s h i f te d  b y  th e  d e p o s i t io n  in d u c t io n  t im e , td [H o e p fn e r  e t a l ,  2 0 1 3 ] ,

A d d i t io n a l ly ,  th e  m ix in g  w a s  in v e s t ig a te d  u s in g  S E M  im a g e s  a s  s h o w n  in  
F ig u re  2 .4 .5 . S E M  im a g e s  in d ic a te  th a t  th e  m ix in g  is  g o o d  b e c a u s e  th e  d e p o s i te d  
a s p h a l te n e  fo rm e d  a r o u n d  th e  e n t i r e  c a p i l la ry  in le t .  M o re o v e r ,  th e  d e p o s i t  a t  th e  
c a p i l la ry  in le t  o c c u r r e d  m o re  th a n  th a t  a t  th e  c a p i l la ry  o u t le t  in d ic a t in g  th a t  it  is  a  
n o n - u n i f o r m  d e p o s i t io n . A n  e n e rg y  d i s p e r s iv e  X - ra y  s p e c t r o s c o p y  (E D X )  w a s  u s e d  
to  id e n t i fy  th e  p r e s e n c e  o f  c a rb o n  fo r  th e  la rg e  p a r t i c le  a t  c a p i l la ry  o u t le t  o f  r u n  #1 to  
te s t  w h e th e r  th e y  a re  a s p h a lte n e . T h e  r e s u l t  r e v e a ls  th a t  it is  a  c o n ta m in a n t .
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I n l e t  O u t l e t

F i g u r e  2 .4 .5  S E M  im a g e s  f ro m  th e  c a p i l la ry  in le t  ( le f t)  a n d  o u t le t  ( r ig h t )  w i th  0 .0 2  
in c h  ID  a n d  5 c m  le n g th  c a p i l la ry  a t  3 0  v o l. %  h e p ta n e  f o r  3 ru n s  [H o e p fn e r  e t a l ,  
2 0 1 3 ] ,
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